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EDITORIAL REVIEW
Intrarenal distribution of blood flow: Evolution of a new
approach to measurement
To our knowledge, Trueta et a! [1] were the first to demon-
strate that blood flow to the cortex was higher than blood flow
to the medulla with roentgenograms of rabbit kidneys. Scher [2]
confirmed this finding and with the use of heated thermocouples
demonstrated that heat dissipates more rapidly from the cortex
than the medulla. In 1955, Goodyer and Jaeger [3] reported that
a nonhypotensive hemorrhage produced a fall in urinary sodium
excretion without concomitant changes in the glomerular filtra-
tion rate (GFR) or renal blood flow (RBF), They speculated that
the decreased sodium excretion was due to a redistribution of
RBF to juxtamedullary nephrons which, because of their great-
er size and long loops of Henle, were thought to have a greater
capacity for the reabsorption of sodium. Subsequently, Carriere
et al [4] and Hollenberg, Mange!, and Fung [5] reported
decreases in cortical blood flow in dogs with hemorrhagic
hypotension and patients with acute renal failure, respectively,
using radioactive xenon washout methods. Thus, these studies
supported the postulation of Trueta et al [1] that the diversion of
blood from the cortical to medullary tissue was involved in a
variety of pathophysiological situations, such as shock.
In addition to pathologic circumstances, changes in blood
flow distribution have been implicated in the physiologic regula-
tion of renal function. For example, changes in individual
nephron blood flow can alter GFR and peritubular capillary
uptake by changing the balance of colloid osmotic and hydro-
static forces. Further, it has been recently shown that angioten-
sin II exerts a very selective efferent vasoconstriction [6] and
that there is a renal cortical gradient of renin content which
reaches the highest concentration in the superficial cortex [7—9].
It is therefore conceivable that peritubular capillary flow paral-
lels the renin concentration profile in the renal cortex. In the
medulla, where the interstitial solute concentration dictates the
degree to which the urine can be concentrated, changes in flow
in the vasa recta can alter the osmolality of the medullary
interstitium and therefore affect the urinary concentrating
mechanism. Thus, it has been postulated that a change in
regional plasma flow might affect glomerular filtration or tubu-
lar function and influence or even regulate excretory function.
Aukiand [10] advised against the term "redistribution" when
discussing RBF. The term has fostered the concept that a fixed
amount of blood is delivered to the kidney which is then
portioned out to the various zones of the kidney, leading to the
misconception that vasodilation of one area would leave less
blood to perfuse another area. Rather, the flow to a given zone
is a function of the perfusion pressure and vascular resistance of
that zone and not a function of changes in resistance in another
zone of the kidney. Thus, flow to one zone of the kidney may
change more than to another, but flow does not shift from one
zone to another.
Measurement of cortical blood flow distribution
Because the intrarenal distribution of cortical blood flow
might alter renal function [10, 11], methods have been devel-
oped for the quantitation of cortical blood flow. As stated by
Moore and Gewertz [12], the abundance of methods used to
study RBF distribution attests to the poor applicability of any
single technique to a variety of circumstances (Table 1).
Methods based on diffusion
Inert diffusable gas method in the whole kidney. Introduced
in 1963 by Thorburn et a! [13], this method is based on the
assumption that the rate of accumulation (or dissipation) of an
inert substance (85Krypton, '33Xenon) in the renal parenchyma
is proportional to the rate of blood flow, provided that the
diffusion constant and the partition coefficient of the gas
between tissue and blood are taken into consideration. Four
different flow rates within the kidney are calculated for the
various zones of the kidney using a "tail subtraction" technique
for breaking the externally monitored gas washout curve into
components [13]. The major pitfalls related to accuracy are (1)
these methods measure flow per unit volume and the disappear-
ance rate of the gas may be dissociated from flow during tissue
volume changes; (2) the assumption that the partition coeffi-
cient is not affected by changes in tissue water has never been
tested; (3) nor is it quite known if diffusibility constants are
affected by surface area available for tissue/blood exchange
during vasodilation. The detector registers counts from a cylin-
drical volume which includes all layers of cortex (anterior and
posterior) plus the medulla. The counts from this volume
cannot be equated directly with specific anatomic structures.
Furthermore, a particular component of the washout curve may
not represent the same anatomical areas in the control and
experimental periods [14]. Nevertheless, this method has the
advantage of being a repeatable noninvasive procedure which
could be relatively accurate when estimating total rather than
regional RBFs.
The assumption underlying the use of gas washout has also
been used in local measurements by implanting platinum elec-
trodes in the kidney for continuous recording of hydrogen gas
washout [15]. This approach offers the advantage of knowing
the exact areas in the kidney where washout rates are occur-
ring. However, collecting duct fluid flow is a major determinant
of the medullary washout rate due to the efficient exchange of
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Table 1. Renal blood flow measurements
Techniques Advantages Disadvantages
85Kr and '33Xe washout" Noninvasiveb technique with external counting
Repeated measurements possible
Quantitative validity of compartmental models
doubtful
85Kr autoradiography Flow measurements not dependent on compart-
mental modeling
Single measurements only
Requires immediate nephrectomy
H2 electrodes Flow measurements not dependent on compart-
mental modeling
Allows repeated measurements
Electrode placement at any depth of cortex
Requires electrode implantation
Flow measurements may vary with electrode size
Measures peritubular capillary rather than glomer-
ular blood flow
Heat clearance Flow measurements not dependent on compart-
mental modeling
Allows repeated measurements
Thermister placement at any depth of cortex
Requires thermistor placement
Influenced by urine, lymph, and other potential
heat sinks
Transit renography Noninvasive Uncertainty of interpretation of transit times
Microspheres Measures glomerular blood flow
Ease of administration
Multiple measurements in single animals
Simultaneous study of different organs
Sphere size influences calculated regional flows
Organ counting requires sacrifice
Number of measurements restricted by number of
isotopes available
Radiography methods Repeatable
Noninvasive
No streaming or steric artifacts
Contrast injection necessary
Contrast medium may change function
Cineangiography
Computer tomography
Dynamic spatial reconstruction
No superposition
Volume scan
Rapid scan
Superposition within images
Limited to single slice and difficult to scan at
optimum time
Sophisticated equipment necessary
The table is adapted from [121.
b Noninvasive methods can be applied to humans.
gas in the vasa recta and collecting ducts. On the other hand,
the authors of the technique concluded that in the outer medulla
and cortex the effect of tubular flow rate was small. This
technique involves tissue trauma derived from both consider-
able handling of the organ and placement of electrodes, and the
potential for changes in renal volume to alter electrode position.
Heat diffusion methods. Analogous to inert gas washout, heat
is another diffusible indicator that has been used to detect the
intrarenal distribution of blood flow [16]. However, unlike inert
gases where removal from the organ depends on blood flow,
heat losses are largely due to thermal conductivity through the
tissue toward the organ surface. In the liver these losses could
be as high as 50% [17]. One of the problems hampering
accuracy is that the conductibility across the walls of large
vessels is less than across capillaries. This causes the cooler
tissues adjacent to large vessels to lose heat more rapidly than
other areas of the renal cortex, which accounts for the rapid
initial component of the disappearance curve. This component
has no meaningful anatomic counterpart. Likewise, the slower
rate of the final component in the disappearance curve is mostly
determined by the delay due to countercurrent exchange of heat
across arteries and veins [18] and vasa recta [19] in vascular
bundles. This nonequilibrium redistribution of heat precludes
an anatomic interpretation of components of the disappearance
curve. Attempts to overcome these problems have led to the
use of heat thermocouple techniques where a carefully placed
reference thermocouple can account for the perfusion indepen-
dent thermal conductivity of the tissue [20]. Since these meth-
ods measure only a single thermal property (for example,
temperature, temperature gradients, and so forth), they can be
used more successfully for qualitative than for quantitative
determinations of regional blood flow. The validity of recent
developments using simultaneous evaluation of multiple tissue
thermal characteristics to determine regional blood flow re-
mains to be tested [16, 21].
Transit renography
The basic assumption underlying this method is that the
transit time through the renal tubules of 131 radio iodinate
hippuran is longer in juxtamedullary nephrons than in cortical
nephrons [22—241. Since the amount of hippuran extracted from
blood by each of these two populations of nephrons is deter-
mined by the blood supply to their proximal tubules, it follows
that distribution of blood in the renal cortex can be estimated by
measuring the relative amount of hippuran with longer and
shorter transit times. Britton and Brown [22] have found that
the frequency distribution of hippuran transit times is bimodal.
They interpret these two modes as representing the transit time
through cortical and juxtamedullary nephrons.
In brief, this method utilized a computer-assisted blood
background subtraction technique that uses two consecutive
radiation measurements with 131J RIHSA and 1311 hippuran
performed in the thorax and both renal areas to calculate the
integrated uptake and removal function of '3'I-hippuran by the
kidney. From these two functions the spectrum of transit times
of hippuran throughout different nephron populations can be
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estimated. The major advantages of this method are that it is
noninvasive and therefore can be applied to humans [24]. A
number of uncertainties can be raised concerning (1) the extent
to which the area under each transit mode is proportional to the
amount of plasma flowing through the same population of
nephrons, (2) whether or not such a relationship is maintained
during situations that affect RBF distribution, and (3) the
assumption that short and long transit times are matched with
cortical and juxtamedullary nephrons.
Wilkinson et al [25] found a good correlation between the
area under the first mode of '311-hippuran transit time distribu-
tion and the number of radiolabelled microspheres impacted in
the outer portion of the renal cortex in rabbits. They noticed,
however, a poor correlation in animals whose plasma flow to
this cortical area was less than 60% of the total RBF. In this
case the plasma flow to the outer cortex calculated with
microspheres was invariably higher than that measured by
renography. In this study, the possible correlations between the
juxtamedullary plasma flow (microspheres) and the correspond-
ing transit times ('311-hippuran) were not reported. These
results were interpreted as indicating that there is a level of
cortical blood flow above which the transit times of the outer
cortical nephrons reflect the amount of plasma flowing through
the same populations of nephrons. Below this level, changes in
glomerular filtration fraction may account for the disparity of
results between the two methods since the flow through the
glomerulus becomes dissociated from the tubular fluid load and
thereby its tubular transit time. Britton and Brown [23] studied
the association between regional blood flow and the bimodal
distribution of transit times in a study of humans with high and
low sodium intakes. During dietary sodium restriction to 20
mEq/day, the proportion of 1311-hippuran travelling through the
kidney with shorter transit times was over twofold higher than
that travelling with longer transit times. In a state of high
sodium intake of 220 mEq/day, the proportion of '311-hippuran
with short transit times falls and that with longer transit times
rises. These changes were interpreted as reflecting an increase
in the amount of '311-hippuran transported by juxtamedullary
nephrons in response to an increase in salt intake. Similar
directional changes in blood flow distribution have been found
using microspheres in animals undergoing saline diuresis. These
results support the notion that during sodium loading the
increases of hippuran appearance in deeper nephrons was
facilitated by a corresponding increase in plasma flow to the
same nephrons. However, in states of antinatriuresis such as
aortic constriction or hemorrhagic hypotension, there is also a
distribution of blood flow toward inner cortical nephrons unpar-
alleled by increases in hippuran appearance in deep nephrons,
that is, long transit times [23]. This can be predicted from the
studies of bimodal distribution in normal animals which, as
mentioned above, showed correlation with blood flow distribu-
tion to outer cortical areas only where the latter exceeded 60%
of total RBF [251.
In summary, changes in the bimodal distribution of 131J
hippuran transit times correlate with blood flow distribution
estimated with microspheres when RBF is high. Dissociation
between cortical distribution of blood flow and '311-hippuran
transit times are seen when RBF is decreased. An alternative
interpretation of these studies is that the amount of ''i-
hippuran transported by the more numerous population of
nephrons, represented by the larger mode in the frequency
distribution, remains transported by the same population of
nephrons but at different transit times. Accordingly, the change
in the size of the two modes of transit times may represent
shifting of transit times within the same nephron population
rather than a shifting between different populations with con-
stant transit times.
Radionuclide labeled microspheres
This technique, introduced to renal physiology in 1970 by
McNay and Abe [261, is the most widely used among renal
physiologists to measure blood flow distribution because it
offers an accuracy and ease of interpretation far greater than the
methods cited above. The primary assumption underlying the
method is that the fraction of blood flow in a given kidney area
is the same as the fraction of injected particles trapped in the
tissue of this area provided that (1) microspheres are uniformly
mixed in blood, (2) that the injection has no hemodynamic effect
per se, and (3) that all the microspheres are trapped in the
capillary bed. Initially, these assumptions appeared to be valid
since measurements of total blood flow with microspheres yield
good correlations with those obtained by electromagnetic
flowometry [27] and direct determinations of venous drainage
[34]. However, the possibility of an artifact due to greater
microsphere distribution in the superficial cortex exists because
microspheres are contained in the center of the stream of the
interlobular arteries. In turn, plasma with less microspheres
enters the afferent arterioles in the deep cortex. Evidence
against [28—32] and in favor [33—37] of this process, called
"streaming," has been presented. From these studies it would
appear that streaming does occur and is proportional to the
diameters of the microspheres (Fig. 1) [38]. Diameter size
cannot be reduced below 10 tm without compromising effective
capillary trapping. On the other hand, microspheres with diam-
eters greater than 20 a are not certain to reach the glomeruli [26,
35, 39—411 because the average afferent arteriole diameters in
the rabbit [35], rat [39], and dog [42] have been reported to be 18
to 22, 18, and 18 to 50 m, respectively.
With respect to the accuracy with which microspheres mea-
sure blood flow distribution, an additional concern has been
raised by the so-called "geometry exclusion model" of Mork-
rid, Ofstad, and Willassen [43]. Because afferent arterioles
branch from the interlobular artery at right or recurrent angles,
coupled with the small size difference between sphere and
arteriole, spheres are hindered from entering afferent arterioles
(Fig. 2) [44]. With vasodilation, the spheres reaching the dilated
arterioles of the deep cortex have a greater chance of entering
the deeper glomeruli. On the other hand, the decreased hin-
drance of sphere entry into deep glomeruli would leave fewer
spheres to enter the superficial glomeruli.
McNay and Abe [261 state that use of different sizes of
microspheres (18 vs. 36 m) did not affect the calculated flow
distribution at either normal or reduced perfusion pressure.
Therefore, they argue against an artifactual distribution based
on vascular geometry. Similarly, Rueda [45], using the size
distribution of 15 5 pm spheres, found no diameter-depen-
dent distribution of microspheres in the dog kidney. On the
other hand, Chenitz, Nevins, and Hollenberg [39] reported that
in the outermost zone of both the dog and rat kidney micro-
sphere density (that is, the percentage of the total) exceeded
that of glomerular density, a finding consistent with a geometry
and/or skimming artifact. In keeping with the concept of
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Fig. 1. Cumulative frequency distribution curves of microspheres found
in glomeruli of the superficial and deep cortex of the rabbit. Small
spheres are more frequent in the deep than they are in the superficial
glomeruli. On the contrary, large spheres represent a higher percentage
of recovered spheres in the superficial than they do in the deep
glomeruli. Abbreviations are: S, superficial; D, deep. (Reprinted with
permission from [381)
geometrical exclusion, Morkrid, Ofstad, and Willassen [43]
reported that with the reduction of arterial pressure (within the
autoregulatory range) large spheres were redistributed from the
outer to the inner cortex without a corresponding redistribution
of small spheres. A similar conclusion was reached by Heller,
Hovacek, and Kasalicky [46] when comparing the distribution
of 15 m spheres and the red cells of chickens. Both studies
concluded that the same degree of dilation of afferent arterioles
occurred in all cortical zones.
Using a different approach to examine the validity of micro-
sphere distribution, Yarger, Boyd, and Schrader [47] deter-
mined the filtration fractions for individual nephrons of the
outer, middle, and deep cortex in normal rats by estimating
glomerular plasma flow from microsphere distribution and
glomerular filtration by Hanssen's technique. Using 15 m
spheres, these investigators obtained filtration fractions of 0.19
for the outer cortex, 0.41 for the middle, 0.63 for the deep, and
0.36 for the whole kidney. Because micropuncture experiments
in normal rats suggest that the filtration fraction of superficial
nephrons and whole kidneys are similar, Yarger and his col-
leagues concluded that 15 im sphere probably overestimated
outer cortical and underestimated inner cortical flow.
Radiography methods
Cineangiography. Radiographic methods such as cineangiog-
raphy [48, 49] depend on the properties of intravascular roent-
gen contrast agent to indicate the distribution of renal cortical
blood flow. An attractive feature of contrast agents, as com-
pared to radioactively labelled microspheres, is that they are in
solution; hence, no steric hindrance or streaming should occur.
If the contrast agent is uniformly mixed in blood, the amount of
contrast entering the kidneys is proportional to the renal blood
flow. Most of the commonly used contrast agents are filtered at
the glomeruli, so that a portion is filtered while the remainder of
the contrast agent leaves the kidney via the circulation [50—54].
Thus, the roentgen capacity of the cortex reflects the presence
of contrast material in both the circulatory and tubule systems
within the kidney. Since the transit time in the circulation is
much faster than in the tubule system, the very early opacity
after injection primarily involves the circulation, whereas the
prolonged opacity reflects the tubular system.
Cineangiographic or videoangiographic [55] methods are of
limited value for measurement of intrarenal distribution of
blood flow because of superimposition within images. Thus, the
distribution of contrast agent in a slice through the kidney is
"blurred" by variable thicknesses of the superimposed tissue
layers above and below the slice. The amount of superimposed
cortex depends on the orientation and size of the kidney. This
superimposition problem is overcome by using a computerized
tomographic method.
Computed tomography (CT). A computed tomography scan-
ner images a transverse slice of the kidney therefore eliminating
the superimposition problem. Consequently, the cortical distri-
bution of contrast agent can be measured around the entire
ventral, lateral, and dorsal extents of a single transverse slice of
the kidney [56—61]. Currently available commercial computed
tomography scanners are limited in several formidable ways:
First, only one slice is scanned; hence, the subject would have
to be repositioned (for example, 1 cm at a time) and the bolus
injection and scan repeated if the entire kidney is to be
examined [62, 63]. This presents several problems. If the
opacification from one injection is used, the progressive delay
between the injection and the subsequent scans would result in
progressive loss of the contrast agent from the cortical region.
As scans require at least 1 sec (but generally around 5 sec), a
kidney of 10 cm would have to be scanned over a period of at
least 1 mm—almost certainly too long for a single breath-
holding period or one injection of contrast agent. If a new
injection of contrast is used prior to each scan, then a period of
at least 15 mm would be needed between scans to allow the
kidney to return to "control" between scans, resulting in scans
lasting hours. Moreover, variations in kidney position due to
slight differences in breath-holding conditions would result in
the loss of position of adjacent slices.
However, even if only one transverse slice is deemed ade-
quate for the purpose of the study, then the timing of the scan
relative to the injection of contrast agent could be difficult to
predict. Recent studies using a new, high-speed, volume (as
against a single slice) imaging computed tomography scanner
indicate that these technical difficulties can be overcome. In
addition, a commercial scanner will become available soon
which will overcome many of these difficulties [64].
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Fig. 2. Afferent arterioles branching from interlobular artery. A Sche-
matic cross section of dog kidney showing arterial blood supply. B Part
of interlobular artery with branching afferent arteriole. (Reprinted with
permission from [44])
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Fig. 3. Schematic drawing of the dynamic spatial reconstructor (DSR).
Multiple x-ray tubes are arranged in a semicircle around the subject.
The multiple beams produce fluoroscopic images. Television cameras
convey these images to electronic form, which, in turn, are used for
generating the computed tomography images. (Reprinted with permis-
sion from [67])
The dynamic spatial reconstructor (DSR). The dynamic
spatial reconstructor [65, 66] is a computed tomography scan-
ner which differs from commercially available scanners in three
important aspects (Fig. 3) [67]:
(1) It completes a scan in 0.011 sec.
(2) It scans 120 1.8-mm thick transverse slices simultaneous-
ly in this time.
(3) It repeats the scan of all 120 slices 60 times per second for
up to 20 sec.
The technical features of the scanner permitting this high
performance are described elsewhere in detail [68, 69]. Briefly,
the high scan speed is achieved with multiple x-ray tubes which
are arranged in a semicircle around the subject. By pulsing the
x-ray tubes in rapid succession, the need to mechanically rotate
a single x-ray tube around the subject is eliminated. Secondly,
the multiple slices are scanned synchronously. The multiple
beams produce 14 fluoroscopic images of a 21.5 cm X 21.5 cm
square region within the body. Television cameras convert
these images to electronic form and, after analog-to-digital
conversion, make the x-ray image data available for generating
the computed tomography images [70].
As a consequence of these scanning characteristics, the
entire kidney can be scanned synchronously and the appropri-
ately timed (with 1/60th of a second precision) scan data can be
selected from an entire scan sequence; only one bolus of
contrast need be injected. Because the entire kidney is scanned,
perfusion of the cortex in all locations of the kidney can be
evaluated. Because of the rapid scan rate of the dynamic spatial
reconstructor, there is no need for prolonged breath holding.
Comparison of the microsphere and dynamic spatial
recons tractor methods
The intrarenal distribution of blood flow has been measured
simultaneously with the microsphere and dynamic spatial re-
constructor methods in our laboratories. Dogs were supported
in a prone position with the left kidney exteriorized through a
flank incision. An electromagnetic flowmeter was placed
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Fig. 4. Comparison of simultaneous microsphere and contrast medium
distribution in the dog kidney. The line was drawn through the zero
intercept and the point for the mid-cortex as a source for reference only.
Dynamic spatial reconstructor (DSR) and radioactive microsphere data
describe an exteriorized left kidney; 5 mm thick sagittal sections were
observed with a scan aperture of 0.06 sec. The 19-kg dog was sodium
replete. The dog was administered a single 2-cc injection of renovist
over a duration of 4 sec.
around the renal artery and a needle placed in the renal artery
for injection of a 2-cc bolus of contrast agent over a 4-sec
period. During the scan and injection of contrast agent, radioac-
tively labelled microspheres were injected into the left atrium.
The tomographic image data were then displayed as a set of
approximately ten parallel, 4-mm thick, coronal slices to corre-
spond to the slices of kidney used for the counting of micro-
spheres in the cortical layers. The time point chosen for
analysis was the one in which peak brightness which was
proportional to the contrast agent concentration in parenchyma
was detected.
The brightness value per unit volume of cortex was then
compared with the number of microspheres in the same unit of
volume of cortex. A reasonably linear relationship between the
two methods was evident, with the exception that the micro-
sphere-based values of regional cortical flow fell below the
regression line for the juxtamedullary cortex and above for the
outer cortex (Fig. 4). This result is consistent with a preferential
distribution of microspheres to the outer cortex whereas the
contrast agent distributed more uniformly throughout the cor-
tex. The reproducibility of maximal peaks of brightness in
different cortical zones indicates the feasibility to analyze the
synchronous volume reconstructions in more detail, allowing
calculations of individual circulation times for each reconstruct-
ed zone and changes in various physiological and pathological
conditions.
In summary, it appears that modern x-ray methods, using the
spatial distribution of contrast agent in the cortex, are a
promising new approach for the measurement of intrarenal
blood flow distribution.
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